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(54) Method for fabricating tiny field emitter tips 

(57) A method for fabricating tiny field emitter tips 
(513-516) across the surface of a substrate (502). A 
substrate (502) is first exposed (504) to reactive molec- 
ular, ionic, or free radical species to produce nanoclus- 



ters (508) within a thin surface layer (506) of the sub- 
strate. The substrate may then be thermally annealed 
to produce regularly sized and interspaced nanoclus- 
ters. Finally, the substrate is etched to produce the field 
emitter tips (513-516). 
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D scription 

TECHNICAL FIELD 

[0001] The present invention relates to flat surfaces 
that emit electrons in localized areas to which an elec- 
trical field of threshold magnitude is applied and, in par- 
ticular, to fabrication of tiny field emitter tips across the 
surface of a substrate that provides functionality inter- 
mediate between thin-film field emitters and field emitter 
tip microarrays. 

BACKGROUND OF THE INVENTION 

[0002] The present invention relates to design and 
manufacture of field emitter tips, including silicon-based 
field emitter tips. A brief discussion of field emission and 
the principles of design and operation of field emitter tips 
is therefore first provided in the following paragraphs, 
with reference to Figures 1 . 

[0003] When a wire, filament, or rod of a metallic or 
semiconductor material is heated, electrons of the ma- 
terial may gain sufficient thermal energy to escape from 
the material into a vacuum surrounding the material. 
The electrons acquire sufficient thermal energy to over- 
come a potential energy barrier that physically con- 
strains the electrons to quantum states localized within 
the material. The potential energy barrierthat constrains 
electrons to a material can be significantly reduced by 
applying an electric field to the material. When the ap- 
plied electric field is relatively strong, electrons may es- 
cape from the material by quantum mechanical tun- 
neling through a lowered potential energy barrier. The 
greater the magnitude of the electrical field applied to 
the wire, filament, or rod, the greater the current density 
of emitted electrons perpendicular to the wire, filament, 
or rod. The magnitude of the electrical field is inversely 
related to the radius of curvature of the wire, filament, 
or rod. 

[0004] Figure 1 illustrates principles of design and op- 
eration of a silicon-based field emitter tip. The field emit- 
ter tip 1 02 rises to a very sharp point 1 04 from a silicon- 
substrate cathode 106, or electron source. A localized 
electric field is applied in the vicinity of the tip by a first 
anode 108, or electron sink, having a disk-shaped ap- 
erture 110 above and around the point 104 of the field 
emitter tip 102. A second cathode layer 112 is located 
above the first anode 108, also with a disk-shaped ap- 
erture 114 aligned directly above the disk-shaped aper- 
ture 110 of the first anode layer 108. This second cath- 
ode layer 112 acts as a lens, applying a repulsive elec- 
tronic field to focus the emitted electrons into a narrow 
beam. The emitted electrons are accelerated towards a 
target anode 118, impacting in a small region 120 of the 
target anode defined by the direction and width of the 
emitted electron beam 116. Although Figure 1 illustrates 
a single field emitter tip, silicon-based field emitter tips 
are commonly micro-manufactured by microchip fabri- 



cation techniques as regular arrays, or grids, of field 
emitter tips. 

[0005] Silicon-based field emitter tips can be micro- 
manufactured by microchip fabrication techniques as 

5 regular arrays, or grids, of field emitter tips. Uses for ar- 
rays of field emitter tips include computer display devic- 
es. Figure 13 illustrates a computer display device 
based on field emitter tip arrays. Arrays of silicon-based 
field emitter tips 1 302 are embedded into emitters 1 304 

10 arrayed on the surface of a cathode base plate 1306 
and are controlled, by selective application of voltage, 
to emit electrons which are accelerated towards a face 
plate anode 1308 coated with chemical phosphors. 
When the emitted electrons impact onto the phosphor, 

is light is produced. In such applications, the individual sil- 
icon-based field emitter tips have tip radii on the order 
of hundreds of Angstroms and emit currents of approx- 
imately 10 nanoamperes per tip under applied electrical 
field strengths of around 50 Volts. 

20 [0006] Recently, a second type of field emission dis- 
play device has been proposed. Figure 3 illustrates op- 
eration of a field emission display device based on a 
thin-film, flat field emission material. In this alternative 
type of field emission display device, a semiconductor 

25 substrate 302 is coated with a thin film of a material 304 
that emits electrons under the influence of a localized 
electric field. A suitable electric field is created directly 
below a region of the field emission material 306 with a 
microelectronic device fabricated within the silicon sub- 

30 strate 308. Electrons emitted from the region of the thin- 
film field emission material 306 are accelerated in an 
electric field towards a phosphor-coated glass substrate 
3 12. Collision of an accelerated electron 3 14 with the 
phosphor produces phosphorescent emission of pho- 

35 tons that travel through the glass substrate 3 12 to the 
retina of a viewer. Various research groups have sug- 
gested the use of nitrogen-doped, chemical vapor-de- 
posited diamond films, amorphous carbons films, or var- 
ious conjugated polymers for use as thin-film field emis- 

40 sion materials in the flat field emission display devices, 
operation of which is illustrated in Figure 3. However, it 
has proved difficult to fabricate thin-film field emission 
materials that are long lasting and that produce accept- 
able current densities of emitted electrons under the in- 

45 fluence of reasonably strong electric fields. Thus, de- 
signers and manufacturers of field emission display de- 
vices have recognized the need for a flat field emission 
material that can be incorporated i n a semiconductor de- 
vice for use in flat field emission display devices. 

50 

SUMMARY OF THE INVENTION 

[0007] The present invention provides a method for 
fabricating a dense field of tiny, silicon-based field emit- 
55 ter tips across the surface of a silicon substrate. The 
silicon substrate is first subjected to a beam of oxygen 
or oxygen-containing ions to creat clusters of Si0 2 
within a thin surface region of the silicon substrate. The 
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clusters of Si0 2 molecules created by ionic bombard- 
ment of the silicon substrate surface may then be coa- 
lesced, if necessary, into clusters by thermal annealing 
or other techniques. Finally, the surface of the silicon 
substrate is etched to remove the Si0 2 clusters, thereby 
producing a dense field of tiny silicon-based field emitter 
tips across the surface of the silicon substrate. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0008] 

Figure 1 illustrates principles of design and opera- 
tion of a silicon-based field emitter tip. 
Figure 2 illustrates a computer display device based 
on field emitter tip arrays. 

Figure 3 illustrates operation of a field emission dis- 
play device based on a thin-film, flat field emission 
material. 

Figure 4 illustrates a small region of the surface of 
a silicon substrate viewed with a dense field of tiny, 
silicon-based field emitter tips. 
Figures 5A-D illustrate a first method for fabricating 
tiny field emitter tips. 

Figures 6A-C illustrate a second method for fabri- 
cating tiny field emitter tips. 

Figure 7 illustrates an ultra-high density electrome- 
chanical memory based on a phase-change stor- 
age medium. 

DETAILED DESCRIPTION OF THE INVENTION 

[0009] Silicon-based field emitter tips, such as the mi- 
cro field emitter tip shown in Figure 1 , produce relatively 
high current densities under the influence of moderate 
electric fields and are relatively robust for lengthy peri- 
ods of electronic emission. Silicon-based micro field 
emitter tips are, however, relatively expensive to fabri- 
cate. Conversely, thin-film field emission materials used 
in display devices, operation of which are illustrated in 
Figure 3, although relatively inexpensive to fabricate, 
curr ntly appearto be less physically stable than silicon- 
based field emitter tips, and may produce lower current 
densities of emitted electrons for a given voltage. One 
aspect of the present invention is the recognition that 
these two different technologies can be combined in a 
dense field of tiny, silicon-based nano field emitter tips 
that can be fabricated across the surface of a silicon 
substrate. Figure 4 illustrates a small region of the sur- 
face of a silicon substrate viewed with a dense field of 
tiny, silicon-based field emitter tips. In Figure 4, the na- 
nofield emitter tips, such as nanofield emitter tip 402, 
are shown having very regular sizes, geometries and 
interspacings, but such precision is not required to pro- 
duc an effective flat field emission material. Large num- 
bers of silicon-based nano field emitters may be irregu- 
larly shaped, defective, or missing without appreciably 
affecting the bulk emission characteristics of the surface 



of the silicon substrate. 

[0010] A first embodiment of the present invention 
provides a relatively inexpensive method for producing 
tiny field emitter tips across the surface of a substrate 

5 material, including substrates, such as a silicon sub- 
strate, already containing microfabricated electronic cir- 
cuits and microelectronic devices. Figures 5A-D illus- 
trate, in cross-section, a first method for fabricating tiny 
field emitter tips. In Figure 5A, a substrate material 502 

10 is first exposed to reactive ions, indicated in Figure 5A 
by arrows, such as arrow 504. The reactive ions are ac- 
celerated onto, or diffused into, a surface layer 506 of 
the substrate, forming covalent bonds with substrate at- 
oms or molecules to produce nanoclusters within the 

is surface layer having a chemical composition different 
from that of the substrate material. In Figure 5A, a nan- 
ocluster is indicated by a small circle, such nanocluster 
508. 

[0011] When the substrate material is silicon, a variety 

20 of different techniques can be used to produce reactive 
oxygen molecules, including ozone, oxygen-containing 
ions, or oxygen free radicals, and exposing the sub- 
strate material 502 with these active oxygen molecules, 
ions, orfree radicals. These techniques include reactive 

25 ion etching ("RIE") methods, electron cyclotron reso- 
nance ("ECR") plasma generation, and downstream mi- 
crowave oxygen plasma generation. Downstream mi- 
crowave oxygen plasma generation is particularly at- 
tractive because it can be used to produce low-temper- 

30 ature oxygen free radicals, so that the silicon substrate 
need not be exposed to high temperatures during the 
process. The active oxygen molecules, ions, orfree rad- 
icals combine with silicon atoms within the silicon sub- 
strate to produce Si0 2 molecules within the surface lay- 

35 er of the substrate. The Si0 2 molecules are produced 
by exposing the silicon substrate to the reactive oxygen 
molecules, ions, orfree radicals to form tiny Si0 2 nan- 
oclusters within the surface layer. The exposure condi- 
tions can be controlled to produce a desired density of 

40 Si0 2 nanoclusters. The depth of the surface layer of the 
silicon substrate in which the Si0 2 nanoclusters are 
generated may also be determined by controlling vari- 
ous RIE, ECR, or microwave plasma generation param- 
eters such as the acceleration of the reactive oxygen 

45 species towards the silicon substrate, the temperature, 
plasma densities and ion fluxes, and other such param- 
eters. Higherconcentrationsof Si0 2 nanoclusters result 
in smaller and thinner field emitter tips, and the length 
of the field emitter tips may be dependant on the depth 

50 of the surface layer of the silicon substrate in which Si0 2 
nanoclusters are generated. Alternatively, reactive ni- 
trogen molecules, ions, or other reactive species may 
be generated by analogous procedures to produce 
Si 3 N 4 nanoclusters within a surface layer of a silicon 

55 substrate. As yet another alternative, both reactive ox- 
ygen-containing and nitrogen-containing ions may be 
generated to produce various Si x O y N z nanoclusters, 
where the subscripts x, y, and z are determined by ion 
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concentration ratios and other process parameters. 
Both Si0 2 and Si 3 N 4 are commonly used in dielectric 
insulating layers within finished semiconductor devices 
as well as for masks during silicon etching steps. 
[0012] In a second step, in some cases optional, illus- 
trated in Figure 5B, the silicon substrate may be ther- 
mally annealed using rapid thermal processing ( w RTP") 
technologies. The size and density of the nanoclusters 
within the surface layer 506, produced in the first step, 
can be altered by heating and cooling the surface layer 
under controlled conditions. RTP parameters can be 
chosen to produce relatively regularly spaced nanoclus- 
ters of a desired size throughout the surface layer 506. 
Nanoclusters 508-511 , produced by application of RTP 
to the substrate, are seen to be relatively regularly 
spaced and have approximately equal sizes. The sizes 
and spacing of the nanoclusters 508-5 11 determine the 
final sizes and spacings between field emitter tips. 
[001 3] In a third step, the substrate surface layer con- 
taining regularly sized and spaced nanoclusters is sub- 
jected to various different etch processes to remove 
substrate material not masked by the nanoclusters. Fig- 
ure 5C illustrates an intermediate stage of the etching 
process. As can be seen in Figure 5C, the nanoclusters, 
such as nanocluster 511, serve as tiny, nascent-field- 
emitter-tip masks that block or inhibit etching of the sub- 
strate material below the nanoclusters. Thus, for exam- 
ple, the substrate material 5 12 below nanocluster 5 11 
is a nascent field emitter tip, formed etching of adjoining 
substrate material not shielded from the etch medium 
by the nanocluster. In the case of Si0 2 or Si 3 N 4 nano- 
clusters within a silicon substrate, RIE etching may be 
employed using various different gas mixtures, includ- 
ing: (1 ) SiH 2 CI 2 , 0 2 and He or Ar; (2) NF 3 , SiF 4 , 0 2 , and 
He; (3) HBr and Ar. 

[0014] The third etching step may be continued until 
a final field of tiny field emitter tips is produced across 
the surface of the substrate. Figure 5D illustrates a por- 
tion of a final field of tiny field emitter tips. In certain cas- 
es, continued etching eventually removes the nanoclus- 
ter masks, so that no additional step is necessary. Al- 
ternatively, the etching may be discontinued prior to re- 
moval of the nanocluster masks, and the masks may be 
removed via a separate step, such as exposure of Si0 2 
nanoclusters masks to a buffered oxide etch ("BOE"). 
[0015] An alternative embodiment for producing tiny 
field emitter tips across the surface of a substrate ma- 
terial employs preferential etching of nanoclusters. Fig- 
ures 6A-C illustrate, in cross-section, a second method 
for fabricating tiny field emitter tips. In a first step, illus- 
trated in Figure 6A, a substrate material is exposed to, 
or bombarded with, reactive molecular, atomic, ionic, or 
free radical species to produce nanoclusters of a result- 
ing covalent compound within the substrate, identical or 
similar to the first step in the first embodiment described 
with reference to Figures 5A-D. Next, as illustrated in 
Figure 6B, the substrate is subjected to RTP in order to 
coalesce nanoclusters and uniformly disperse the coa- 



6 

lesced nanoclusters throughout a surface layer of the 
substrate. This second step is identical to, or similar to, 
the second step of the first embodiment described with 
reference to Figure 5B. However, the third step of the 

5 second method is quite different from the third step of 
the first embodiment. In the first embodiment, the nan- 
oclusters serve as masks to protect substrate material 
below the nanoclusters from being etched by exposure 
of the substrate to an etch medium. In the second meth- 

10 od, the substrate is exposed to an etch medium that se- 
lectively etches the nanoclusters, leaving nascent field 
emitter tips on the surface of the substrate separated by 
gaps resulting from selective removal of the nanoclus- 
ters. Figure 6C illustrates nascent field emitter tips, such 

15 as nascent field emitter tip 602, resulting from a selec- 
tive etch of the nanoclusters formed in the first two steps 
illustrated in Figures 6A-B. The selective etch also etch- 
es the substrate material, so that over time, the mesa- 
like field emitter tips are sharpened to produce a final 

20 field of tiny field emitter tips as illustrated in Figure 5D. 
In the case of Si0 2 nanoclusters within a silicon sub- 
strate, freon-based plasma etch media, HF vapor etch 
media, and various wet etch solutions, including acetic 
acid and NH 4 F solutions, can be employed to selectively 

25 etch the Si0 2 . In the case of Si 3 N 4 nanoclusters, phos- 
phoric acid wet etch solutions, CF 4 and freon-based 
plasma etch media, and other Si 3 N 4 selective etch me- 
dia may be employed. 

[0016] Silicon-based field emitter tips are also em- 

30 ployed in various types of ultra-high density electronic 
data storage devices. Figure 7 illustrates an ultra-high 
density electromechanical memory based on a phase- 
change storage medium. The ultra-high density electro- 
mechanical memory comprises an air-tight enclosure 

35 702 in which a silicon-based field emitter tip array 704 
is mounted, with the field emitter tips vertically oriented 
in Figure 7, perpendicular to lower surface (obscured in 
Figure 7) of the silicon-based field emitter tip array 704. 
A phase-change storage medium 706 is positioned be- 

40 low the field emitter tip array, movably mounted to a mi- 
cromover 708 which is electronically controlled by ex- 
ternally generated signals to precisely position the 
phase-change storage medium 706 with respect to the 
field emitter tip array 704. Small, regularly spaced re- 

45 gions of the surface of the phase-change storage medi- 
um 706 represent binary bits of memory, with each of 
two different solid states, or phases, of the phase- 
change storage medium 706 representing each of two 
different binary values. A relatively intense electron 

50 beam emitted from afield emitter tip can be used to brief- 
ly heat the area of the surface of the phase-change stor- 
age medium 706 corresponding to a bit to melt the 
phase-change storage medium underlying the surface. 
The melted phase-change storage medium may be al- 

55 lowed to cool relatively slowly, by relatively gradually de- 
creasing the intensity of the electron beam to form a 
crystalline phase, or may be quickly cooled, quenching 
the melted phase-change storage medium to produce 
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an amorphous phase. The phase of a region of the sur- 
face of the phase-change storage medium can be elec- 
tronically sensed by directing a relatively low intensity 
electron beam from the field emitter tip onto the region 
and measuring secondary electron emission or electron 5 
backscattering from the region, the degree of secondary 
electron emission or electron backscattering dependent 
on the phase of the phase-change storage medium with- 
in the region. A partial vacuum is maintained within the 
air-tight enclosure 702 so that gas molecules do not in- 10 
terfere with emitted electron beams. Dense fields of tiny 
field emitter tips microfabricated according to the 
present invention are particularly suitable for application 
in these ultra high density electronic data storage devic- 
es. 15 
[0017] Although the present invention has been de- 
scribed in terms of a particular embodiment, it is not in- 
tended that the invention be limited to this embodiment. 
Modifications within the spirit of the invention will be ap- 
parent to those skilled in the art. For example, it may be 20 
possible to introduce dissolved oxygen into the silicon 
in which the silicon substrate is cut during crystal growth 
in order to produce the higher densities of Si0 2 nano- 
clusters. As pointed out above, nanosilicon-based field 
emitter tips of various sizes and shapes can be pro- 25 
duced by controlling the parameters of the ion exposure 
or ion implantation step, the annealing step, and the final 
Si0 2 etch step. Many different techniques well-known 
in microchip fabrication can be employed in each of the 
three steps. Dense fields of silicon-based nano field 30 
emitter tips can be prepared on thin silicon substrates 
that are affixed to the surface of microelectronic circuitry 
or, by contrast, fields of silicon-based nano field emitter 
tips can be directly fabricated on the surface of silicon- 
based microelectronic circuits. Field emitter tips can be 35 
fabricated on the surfaces of substrates other than sili- 
con by choosing appropriate materials and method to 
produce nanoclusters within the substrate that can be 
etched, or that can mask an etch medium, selectively 
with respect to the substrate material. Finally, the *o 
present invention may be applied for fabrication of other 
types of silicon nanostructures, and may be generally 
applied to fabricating a wide variety of different types of 
nanostructures on the surface of different types of sub- 
strates. 45 
[0018] The foregoing description, for purposes of ex- 
planation, used specific nomenclature to provide a thor- 
ough understanding of the invention. However, it will be 
apparent to one skilled in the art that the specific details 
are not required in order to practice the invention. The 50 
foregoing descriptions of specific embodiments of the 
present invention are presented for purpose of illustra- 
tion and description. They are not intended to be ex- 
haustive or to limit the invention to the precise forms dis- 
closed. Obviously, many modifications and variations 55 
are possible in view of the above teachings. The em- 
bodiments are shown and described in order to best ex- 
plain the principles of the invention and its practical ap- 
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plications, to thereby enable others skilled in the art to 
best utilize the invention and various embodiments with 
various modifications as are suited to the particular use 
contemplated. It is intended that the scope of the inven- 
tion be defined by the following claims and their equiv- 
alents: 



Claims 

1. A method for producing tiny field emitter tips 
(513-516) across the surface of a substrate (502), 
the method comprising: 

exposing (504) the substrate (502) to an active 
chemical species in order to create nanoclus- 
ters (508) within a surface layer (506) of the 
substrate; and 

etching the substrate (502) to create the tiny 
field emitter tips (513-516) across the surface 
of the substrate (502). 

2. The method of claim 1 wherein the nanoclusters 
(508) are composed of Si0 2 molecules, wherein the 
substrate (502) is a silicon substrate, and wherein 
the active chemical species is selected from chem- 
ical species that include: 

oxygen-containing molecules; 
ozone; 

oxygen-containing ions; and 
oxygen free radicals. 

3. The method of claim 1 wherein the nanoclusters 
(508) are composed of Si 3 N 4 molecules, wherein 
the substrate is a silicon substrate (502), and 
wherein the active chemical species is selected 
from chemical species that include: 

nitrogen-containing molecules; and 
nitrogen-containing ions. 

4. The method of claim 1 wherein the nanoclusters 
(508) are composed of molecules containing sili- 
con, oxygen, and nitrogen, wherein the substrate 
(502) is exposed (504) to a number of active chem- 
ical species in order to create nanoclusters (508) 
within a surface layer (506) of the substrate, where- 
in the substrate (502) is a silicon substrate, and 
wherein the active chemical species is selected 
from chemical species that include: 

oxygen-containing molecules; 
ozone; 

oxygen-containing ions; 
oxygen free radicals; 
nitrogen-containing molecules; and 
nitrogen-containing ions. 
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The method of claim 1 wherein exposing (504) the 
substrate (502) to an active chemical species in or- 
der to create nanoclusters (50B) within a surface 
layer (506) of the substrate comprises employment 
of a technique selected from among: 5 

a reactive ion etching technique; 

a downstream microwave plasma generation 

technique; and 

an electron cyclotron resonance technique. 10 

The method of claim 1 wherein, rather than expos- 
ing the substrate to an active chemical species, na- 
noclusters (508) are produced within a surface layer 
(506) of the substrate during substrate fabrication. *5 



The method of claim 1 wherein etching the sub- 
strate (502) to create tiny field emitter tips (513-516) 
across the surface of the substrate further includes 
etching the substrate using an etch medium selec- 
tive for the nanoclusters (508) to remove the nano- 
clusters, leaving field emitter tips separated by 
empty spaces created by removal of the nanoclus- 
ters, the nanoclusters composed of one of: 



Si 3 N 4 that is etched by an etch medium select- 
ed from among phosphoric acid wet etch solu- 
tions, CF 4 -based plasma etch media, and f re- 
on-based plasma etch media; and 
Si0 2 that is etched by an etch medium selected 
from among freon-based plasma etch media, 
HF vapor etch media, and various wet etch so- 
lutions, including acetic acid /NH 4 F solutions. 

The method of claim 1 wherein etching the sub- 
strate (502) to create tiny field emittertips (513-51 6) 
across the surface of the substrate further includes 
etching the substrate using an etch medium selec- 
tive for the substrate material, so that the nanoclus- 
ters (508) act as masks to inhibit etching of the sub- 
strate material underlying the nanoclusters, thereby 
forming nascent field emitter tips, the etch medium 
a reactive ion etch technique employing a gas mix- 
tures selected from among various gas mixtures in- 
cluding: 



vice comprising an tiny field emitter tips (513-516) 
formed on the surface of a substrate (502) fabricat- 
ed by: 

exposing (504) the substrate to an active chem- 
ical species in order to create nanoclusters 
(508) within a surface layer of the substrate; 
and 

etching the substrate to create the tiny field 
emitter tips (51 3-516) across the surface of the 
substrate. 
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SiH 2 CI 2 , 0 2 and He; 
SiH 2 CI 2 , 0 2 and Ar; 
NF 3j SiF 4 , O a , and He; and 
HBr and Ar. 



50 



The method of claim 1 further including, prior to 
etching the substrate (502), thermally annealing the 
substrate using a rapid thermal processing tech- 
nique to coalesce nanoclusters (508) into relatively 
regularly spaced and sized nanoclusters. 



55 



1 0. An electron-emitting component of an electronic de- 
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